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Introduction
Plants depend on light as their sole
source of energy. Consequently,
plants will achieve optimal fitness
only if they are also able to
coordinate their growth and
metabolism with their light
environment. To enable this
coordination, plants have developed
a series of photoreceptors that allow
them to sense light from the UV-B to
the near far-red. The red to near far-
red region of the light spectrum is
particularly rich in environmental
information that is most important to
plants (Table 1). For example,
changes in the seasons and the time
of day and the shading from other
plants are all indicated by changes in
the ratio of red to far-red light. Red
light also penetrates the ground
further than light of shorter
wavelengths and thereby gives a
seedling an early indication that it is
approaching the soil’s surface.
Recent work on the red-light sensing
system suggests that it comprises a
complex and intriguing signaling
network in contrast to the linear
amplification cascade of the
mammalian rhodopsin-based light
sensing systems.
The photoreceptors that allow
plants to monitor the red-to-far-red
band of the spectrum are known as
phytochromes. Phytochromes were
the first plant photoreceptors to be
identified (first described in the late
1950s) and are found all across the
plant kingdom. Recently a class of
bacterial phytochromes has also been
identified, further extending the
range of organisms that utilize this
photoreceptor for light perception. In
most plants phytochromes exist as a
small multi-gene family. Arabidopsis
thaliana, a plant popular with
geneticists, has five distinct
phytochromes (phyA–phyE), which
are differentially expressed in
different plant tissues and during
different stages of development. Plant
phytochromes exist as dimers of a
~125 kDa polypeptide chain. Each
monomer can be divided into
different functional regions
(Figure 1). The 60 kDa amino-
terminal domain houses a covalently
linked linear tetrapyrrole
chromophore (Figure 1a), while the
carboxy-terminal region is responsible
for the transduction of the light signal.
This signal transduction region can
itself be separated into two sub-
regions. The 30 kDa region
immediately adjacent to the
chromophore binding region contains
two PAS domains, while the very
carboxy-terminal domain has
sequence similarity to two-component
histidine kinases (Figure 1b).
Phytochromes have been studied
intensively by a broad range of
experimental approaches ever since
their first discovery. Yet, to this date
no clear and unified picture of
phytochrome action has emerged and
the experimental observations hint at
a baffling complexity of
phytochrome signaling.
Diverse light responses are mediated
by phytochromes 
Phytochromes mediate responses
during the entire life span of a plant
(Figure 2), and respond to light
intensities over a dynamic range of
more than nine orders of magnitude.
The best-studied phytochrome-
mediated responses are stimulated
by light doses between 1 µmol m–2
(equivalent to a 0.1 second exposure
of light under a dense plant canopy,
or under a few millimeters of soil)
and 1,000 µmol m–2 (one second of
broad daylight). These responses are
called low fluence responses (LFRs).
The physiology of LFRs can be
understood on the basis of a simple
two-state photo-equilibrium model
of phytochrome signaling.
Phytochromes can exist in two stable
states (Figure 1c). One of them is the
red light absorbing form (Pr) with an
absorption maximum at around
665 nm wavelength. The other is the
far-red light absorbing form (Pfr)
with its absorption maximum at
730 nm wavelength. For most
responses Pfr is believed to be the
biologically active form. In plants,
phytochrome is synthesized in the Pr
form and will return to Pr from Pfr in
a spontaneous yet very slow (hours to
days) process. Exposing the Pr form
to red light will lead to the
conversion of Pr to Pfr. The reverse
applies as well, exposure to far red
light will convert the Pfr form back
into the Pr form. This effect is
known as reversibility and is
considered a telltale sign for
phytochrome-mediated LFRs.
The textbook example for the
reversibility of phytochrome action is
red-light-induced germination of
lettuce seeds. If moistened lettuce
seeds are exposed to a series of
alternating red and far-red light
pulses, the ultimate germination
response is dependent only on the
color of the final pulse and
independent of the number or color
of the intervening pulses.
Phytochrome-mediated responses
that are triggered by the dimmest
light are called very low fluence
responses (VLFR) and occur at
photon doses as low as 0.1 nmol m–2
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Table 1
Light conditions experienced by plants.
Photon flux Ratio of red to
density far-red light
(micromol m–2 sec–1)
Daylight 1,900 1.19
Sunset 26.5 0.96
Moonlight 0.005 0.94
Ivy canopy 17.7 0.13
Under 5 mm soil 8.6 0.88
Light intensities and ratios of the intensity for
red and far-red light under a selection of
environmental conditions (adapted from
Smith H. (1982) Annu Rev Plant Physiol
33:481-518).
(comparable to the light emitted by a
flash from a firefly). At such low light
levels, only approximately 0.01% of
the total phytochrome is light
activated. High irradiance responses
(HIR) occur at the other end of the
intensity spectrum. These responses,
such as the induction of coloring in
fruit skins or the inhibition of stem
growth, need hours of direct sunlight
to reach saturation. Under these high
irradiance conditions, all phytochrome
molecules in a cell would be expected
to undergo continuous light-driven
cycling between their two stable
states (Figure 1c).
Emerging evidence from
physiological and biochemical
experiments suggests that
phytochrome signaling during VLFR
and HIR may be evoked by distinctly
different molecular mechanisms. 
De-etiolation: a model for
phytochrome-mediated responses
While phytochromes influence
plants during every stage of
development, most studies focus on
the effects of phytochromes during
seedling de-etiolation. De-etiolation
is the process in which a dark grown
(etiolated) seedling adapts to growth
in the sunlight, switching from
heterotrophic to phototrophic
metabolism (Figure 3). These
adaptations include several distinct
morphological changes that are
widely used as indicators of a plant’s
light-sensing ability. During
de-etiolation, the hypocotyl’s
(embryonic stem) rate of growth is
reduced. Simultaneously, the
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Figure 1
Primary structure and photochemistry of
phytochromes. (a) Chemical line drawing of
phytochromobillin, the natural phytochrome
chromophore. The red double arrow indicates
the location of the light-induced double bond
rotation that triggers the switching between
the Pr and Pfr forms of phytochrome.
(b) Block diagram of a phytochrome monomer
domain structure indicating the arrangement
of the chromophore binding domain, the PAS
domains and the domain with histidine kinase
homology. The chromophore attachment site
(small red rectangle), possible
phosphorylation sites (yellow circles) and
interfaces with signaling partners (black
bars) are indicated. (c) Absorption spectra
of the light interconvertible Pr and Pfr forms
of phytochrome.
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cotyledons (embryonic leaves)
which were packed together in a
protective structure known as the
apical hook unfold, expand and start
to green. Interestingly, these
processes do not seem to be
controlled by a linear signal
transduction network that exerts
central control over all these
morphological changes. Instead the
existence of phytochrome mutations
that specifically affect some of these
morphological indicators, while
leaving others unchanged, suggest a
system of early branching parallel
and overlapping signaling pathways. 
On the molecular level the best-
studied effect of de-etiolation is the
induction of a family of genes for
chlorophyll a/b binding (CAB)
proteins. The induction of CAB gene
expression again illustrates the
baffling complexity of phytochrome-
mediated gene expression. Studies
with phyA, phyB and phyA/phyB
double mutants reveal that CAB
genes can be induced both by
phytochrome A and B. However,
induction through phytochrome A
requires only very low light levels
and is irreversible, while CAB gene
induction through phytochrome B is
photo-reversible, but requires higher,
yet naturally occurring light levels.
Even the phyA/phyB double mutant,
presumably through another
phytochrome, is still able to induce
expression of CAB genes indicating
that at least one additional
phytochrome is also involved in this
process. This redundancy and the
possibility to evoke similar effects
through different signaling pathways
are a common feature of
phytochrome-mediated signaling
making the interpretation of plant
physiological data in terms of a
particular molecular function a
challenging task.
Multiple partners, multiple
mechanisms, subtle effects
The molecular mechanism and the
direct downstream partner
molecules through which
phytochromes transmit a light signal
have long eluded determination.
While the observation of light
dependent shuttling between the
cytoplasm and nucleus for
phytochrome A and B and light
induced auto-phosphorylation of
phytochrome A suggest possible
mechanisms for signal transduction,
no direct downstream recipients of
phytochrome signals had been
identified until last year. These
recent experiments have revealed
three different signaling partners
that directly interact with
phytochrome and even more
signaling partners are expected to
be identified among the large
number of interactors found in yeast
two-hybrid screens. 
PIF3, the signaling partner of
phytochrome that was discovered
first, is a basic helix–loop–helix
transcription factor that exhibits
phytochrome-mediated, light-
dependent binding to promoter
regions of various light-activated
genes. PKS1, a cytoplasmically
located protein, is differentially
phosphorylated under red light
conditions in vivo and is a kinase
substrate for phytochromes in vitro.
PKS1 appears to be a negative
regulator of phytochrome B
signaling. The third interactor,
NDPK2, is a nucleoside
diphosphate kinase that is activated
in the presence of phytochrome A
in its Pfr form. NDPK2 appears to
play a role in the cotyledon
unfolding and greening response
initiated by phytochromes.
PIF3, PKS1 and NDPK2 do
not appear to be structurally or
functionally related and interaction
studies with site-directed mutants of
phytochromes indicate different
contact sites for the three proteins
(Figure 1b). While PIF3 and NDPK2
appear to interact with the PAS
domain containing linker region of
phytochrome, PKS1 interacts with
the carboxy-terminal histidine kinase
related region. These differences in
molecular function, structure and the
differences in the protein–protein
interfaces through which they
interact, suggest that the three
interactors do not share a common
mechanism of communication
with phytochrome. 
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Figure 2
Phytochromes initiate light-induced
responses throughout the life cycle of plants.
Some of these responses are specific to
particular developmental stages (germination,
seedling growth and flowering) while others
(phototropism and geotropism) occur at
every stage of development. The responses
during seedling growth have been studied
most extensively (see Figure 3).
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What all three proteins have in
common is the subtlety of the
effects they display both on the
molecular and on the plant level.
PKS1 shows around a twofold
increase in phosphorylation levels
in vitro in the presence of
phytochrome A’s Pfr form. The main
effect of light-activated
phytochrome on NDPK2 is a
decrease in the reaction rate of its
enzymatic activity from 0.60 mM to
0.43 mM. PIF3 shows a small
increase in binding to light-activated
phytochrome. These minimal effects
are in stark contrast to many other
signaling systems in which incoming
signals often alter affinities or
enzymatic activities by several
orders of magnitude. 
Phytochromes: not only a light
sensing system
The new studies on phytochrome
interactors described in the previous
section, as well as a vast literature
describing physiological and genetic
studies, indicate that the plant light
sensing system is highly
interwoven, redundant and rich
with feedback mechanisms. These
properties of the plant photosensing
system become most apparent when
they are contrasted with another
highly developed system for light
detection, the light sensing cascades
of the mammalian visual system.
This rhodopsin-based system is
essentially a linear amplification
cascade in which the gain of the
individual amplification steps can
be adjusted to produce an
astonishingly high sensitivity and
signal to noise ratio while
maintaining an unprecedented
dynamic range. The simple, elegant
layout of the biochemical machinery
of mammalian light sensing is the
reflection of a system designed to
do one thing: to convert photons
into a signal that can be passed on
to the central nervous system. It is
there that the information is
interpreted and decisions about an
appropriate response are made.
Plants, on the other hand, do not
have the benefit of a central
nervous system. As a result, plants
have had to evolve a system that
combines light sensing, memory,
information integration and
decision-making into one integrated
biochemical network. 
Molecular properties vs network
properties
Currently it is not possible to
clearly differentiate between the
phytochrome-mediated responses
that can be attributed to the
properties of the phytochrome
molecule itself, and those
responses that are the result of
information processing by the
signaling network.
For several functions the
molecular signal may be identical
but the nature of the response may
be determined by the state of the
network through which the signal is
transmitted. The discovery of the
first direct signaling partners of
phytochrome (NDPK2, PIF3 and
PKS1) has opened the door for
studies to deduce and quantify the
molecular interactions and
biochemical reactions that make up
the light sensing system of plants.
An experimenter’s ability to easily
adjust and monitor the state of the
initial light input signal both in vitro
and in vivo will provide a great
experimental advantage. This
advantage and the availability of
vast amounts of physiological data
make light perception by plants an
ideal proving ground for the
development of quantitative
approaches to the study of complex
biochemically based decision-
making networks.
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Figure 3
Morphological adaptations of Arabidopsis
thaliana seedlings to growth in the dark
and in the light. Dark-grown plants have
extended hypocotyls and their primary
leaves (cotyledons) remain folded up in
the apical hook where they are protected
from damage when the seedling is piercing
through the soil. In light-grown plants the
cotyledons have unfolded, spread and
greened and the hypocotyl’s rate of growth
is slowed while root growth is accelerated.
Mutated plants in which the light sensing
or downstream signaling functions are
altered can typically be identified in large-
scale screens because their morphological
de-etiolation responses are either abated
or enhanced.
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